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ABSTRACT

This report is one of a series dealing with various aspects of
Echo~reflected signals, The purpose of this report is to present
the autocorrelation function of the signals received during selected
Echo 1l revolutions from revolntion numbers 2000-3500, Some Echol
data are also included. The SPCR (specular~to=scattered pcwer ratio)
is defined and computed from the ACF's. Coasideration is given to
some of the errors involved in obtaining the ACF's and the effect of
these errcrs on the final results, On basis of the large amount of
data preseunted it is found that the SPCR for Echo Il is 6=7 db, 5«6 db
for Echo I. The possible ranges in the values of the SPCR, based
on the possible ranges of the errors in the process of analysis, are

also computed and tabulated.
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THE SHMRT TERM (T35 = 3 SEC) AUTOCORRELATION
FUNCTION OF ECHO I~REFLECTED SIGINALS

I. INTRODUCTION

This report is one of a series dealing with various aspects of
Echo~-reflected signals. There are actually two series of reports.
The data for the earlier series weie primiavily obtained froin Echo
Ii-reflected signals Lefore revolutian 2000, the data for the present
series were selected from Echo I revclutions between 2000 and 2500,
The two series of reports can be rega.ded as a single cnherent urit
covering the orbdital lifetime of Echo II to the present. Some of the
subjects considered in these series are amplitude scirtillations, echo
area, power spectral density, probability density, autocorrelation,
depolarization effects, and the scattering function of Echo,

The data for the present series are taken from five Echo Il
revolutions: 2626, 2653, 2816, 3040, 3483. The data collected on
these passes are representative of all data collected during the veriod
covering revolutions 2000~350C, Data ccliected on two “cho 1 revo-
lutions (18, 166 and 18, 966) that occurred during this same period are
also included for comparison. The purpose of this report is to present
the autocorrelation furctinns obtained from the recert experimental data,

""he signals were cw at 2260 mc/sec ard originated from the
Collins Space Communications Facility at Dallas, Texas. They were
reflected by the orbiting Echo satellites and received by the Satellite
Communication Center of the Antenna Laboratory, The Ohio State
University. Detailed description of both sites can be found in the
references.”? A simplified block diagram of the receiving and re-
cording system is included here for completeness (see Fig. 1 which
is mostly self~explanatory). Phase=locked demodulators were used
as linear detectors. In case of a cw signal whose amplitude was con=
stant during transmission, the AM output of the linear detector would
be a steady dc value proportional te the level of received power,
Figure 2 shows a sample of the recordings of the AM output of the
detector which is typicall: observed fur all Echo-reflected data. It
can be seen that the instantaneous received power level is not 2 steady
dc value; rather, the received power level is strongly fluctuating between
the observable extremes of noise and saturation levels. A statistical
method of analyzing d-ta such as shown In Fig. 2 is to obtain its
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Fig. 1. Simplified block diagram of receiving
and recording system.

correlation function. The details of data reduction to obtain the auto-
correlation function have been treated elsewhere.®

Correlation by definition is a measure of the degree of inter~
dependence between two quantities. F:-e, il auiccorrelation function
is one that expresses the degre= ¢f _aterdependence beiween a quantity --
such as the instantaneous value of the rcceived power -« ani itsell, The
quautities whose interdependence ie¢ to be measured are frinctions of time;
their resulting ACF is a funciion of the relative time delay botween them.
In the present case the maxinim time delay, T, .4, Was »«. ¢ icted to
3 sec, which was 10% of the sa ie length, T; heice the dc.. -iptive
name - - short-term autocorreir aon function.,

Mathematically, the autoc:. ~veilation function ACF . :ated as
T/2
. 1 £ig He+r)dt
1 = Li = S : :
(1) $(7) T m T -T/2
- m

where f(t) corresponds to the AM output of the lirear detector, which

in turn is proportional to the instantaneous level of the received power.
The variations in this level can be regarded as a modulation on the
amplitude of the cw signal resuiting from its transmission through the
Echo channel. Should the received power level cause a constant dc out-
put from the linear d:tector corresponding to the case of an unmodulated
cw signal, one would outain an ACF of constant amplitude. The inter-
pretation of such an ACF is that there is no time dependence in the data,
Should the received power level cause a dc output (which is randomly
varying about some average value) from the detector, corresponding to

B S i e AT et T T TR TSI et
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the case of 21 extremely noisy signal, one would obtain an ACF
whose aripl.t.le would be maximum at no time deley, and an
average value, corresnonding to the dc average, for any time delay
other than zerc. That is, with the addition of an impulse of v = 0,
there would result an ACF siinilar to {he previous case, The in=
terpretation of such an ACF is that the portion of the data causing
the impulse in the ACF is ve.y strongly time dependent. The two
cases are shown in Fig, 3,

1.0 CONSTANT AMPLITUDE

¢ (1) RANDOM VARIATIONS ABCUT A

— — —— —— — — a— ——— — — —— — a— ——— —— — w—— om—

CONSTANT AVERAGE VALUE

Fig. 3. Normalized autocorreation functions of a
constant amglitude function and of one of
random variations about a constant amplitude.

The ACF's of Echo=-reflected signals fall between the above two
extremes, This indicates tnat when a steady amrlitude signal is passed
through the Echo channel it acquires an amplitude modulaticn by the
noise present in the channel, Most of the noise probably originates at
the target since the Echoes are rega 'ded as essentially spherical in
shape but with small-scale surface roughness. The reflecting char-
acteristic of such a surface is shown in Fig., 4. The specular com-
ponent is from the spherical shape and the scattered components are
from the numerous surface irregularities, Both Ecnces are moving and
in addition to the orbital motion a spin is claimed fcr Echo II; thus the
scattered components will continually vary in amplitude. Were the
reflector perfectly smooth, its motion, including spinning, would not
give rise to scattered components of varying amplitudes: and were the
reflector stationary the roughness of its surface again would not produce
variations in the amplitude of the total reflected signals. Thus, the
two proposed mechanisms, rough surface and moving target, combine
to yield « total reflected signal which is composed of two parts: an
average steady compenent due to specular reflection and a fluctuating
component due to scattering.
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Scottered Or
Dittused Componants

Fig. 4. A model of a spherical reflector with
surface roughness,

The average level of the received power at the detector output
is not correlated with the fluctuating component, hence the ACF of
T =0 is the sum of the mean square value of the fluctuating compcnent
and the mean square value of the average level, normalized tc unity.
As 1 is increased, because of the noisy nature of the fluctuating com-
ponent the correlation of this component with itself decreases. Eventu-
ally, the value of the ACF will only be proporticnal to the mean square
value of the avernge level <y>?, This fact provides a convenient
method to obtain the ratio of the specular and scattered powers:*

<y>2
(2) specular power _ <y> , = SPCR.
scattered power 1 ~-<y>
Equation (2) will be used to express the specularity of the reflection
from the satellites. It follows that e large value of specularity implies

a smooth reflecting surface and vice-versa, Presumably the specularity

is a function of the bistatic angle of scattering measured at the satellite,
and the position of the flare spot on the reflector., The position of the
flare spot, in turn, is a function of the orbital motion and the possible
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= but 1 v 2 ne Jdewils that were slover thaa %9 pexr £-cond, A lineari-

socune was pregared f{-om the culitoatior curve at the beginning of

rthe c..art that was made in terms o1 deflciwon au e output of the re=-
ceiving system pexr ¢b change at the 3J mn/sec i. put, This lineari-

: zation curve was 3accuratily approximated withi poiynomials /uigi. est
ordex usec: tenth) which in turn wer: used 7o effec*’ rely remove most
of che nanlinezriries irom the data. The vha.i recording was sampled
5., imes par second, thus the data were digzitized, Equatio. (1) was
suitably modified for the dipitized data:

N
: 1\, .
£3) $(m = & Z f.0, ¢ T,
X=1

where N is the number of digitized data points. N was on the order of
1500, correspounding to sample {engths of 30 seconds. Equation (3) was
- ' programmed on an IBM 7094 and the statistical estimate of the ACF g*ven
in Eq, (1) was obta1ned : N
Both the sampling rate and the sample length impose limitations on
the accuracy of the estimate of the ACY}, If one requires at least four
points to establish the frequency of a given waveform then the sampling o
rate of 50/sec imposes an upper limit of 13 cps on the frequency
resolution inherent’in the ACF's. If the or1g1na1 data contained a ,
. penodlc component with angular frequency- Wo, then it follows that the
, , ACF will also contain the same periodic component as the sa.mple length
. is increased without limit, - For finite sample lengths, however, there : g
‘will be an error in the ACF and the magnitude of this error i~ inversely -
proportional to the sample length T. Solodovnikov®‘treats this probiem ‘
- and recommends that T must be at least 10Ty where Tg = Zn/wo' and

5
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dfre rmaximuin tirne delay should he lers than 2T, for an error not
==.«.esadmg 2%. Ali time delays used in generating the ACF's in

e epr-*** wire conservatively restricted to 1To. Using Solodovnikov's
vean!ts the finile sample lengths impose a lower limit of 1/3 cpe on the
‘r>quency - srolilion inherent in the ACF's., These two limits of fre-
cuency resolution, 1/3 to 13 cps, are very important considerations
“'hen one atternpts to obtain the power spectral density function from

“he ACKE,

The finite length T also imposes a limit on the accuracy with
which the mean square value (that value to which all the graphs are
apparently asymptotic) of the ACF can be determined. Several
articies in the literature deal with expected statistical errors in
measurements on rirdom functions, e.g., Refererce 6. The au-
solute mean square error, tr‘;‘n(T) , in the measurement of the mean
of the random process is given by®

: T _
(4) om(T) = £ 5 (1 - 1T) [Ryir} - <y>?] dr.

o

In the case of the ACF of Echo-reflected sigrals, the second quantity
under the integral sign can be approximated byt

-2T

(5) Rylr) -<y>? £ ™27,

where a is the slope of the ACF at v = 0 and it can best be determined :

experimentally, Thus, Eq. (4) reduces to

(6) vm(T) 5 f (1- ) “aT 4r,

.wh1ch can be evaluated as

L - : 2 : -a']‘?'
’ T) = + -1). :
(7) _ a'm(T)_ ey (aT -e 1) o N -

The térm e -aT in Ea. (7) for a > 1/4 and T = 30 is less than 0. 0006

‘hence it is negligibly small in comparison with unity and it w111 be

-

dropped Equatmn {'7) reduces to ‘ - .
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Equation (8) is an expression for the absolute mean square error in

the measurement of the true mean evaluated for use with the ACF's

in this report. Since all ACF's are normalized to unity, an expres-
sion for the relative mean square error is wanted. This expression
is simply

2
(9) e = . (T) _ 30a~1 1
1<yt 450a% <y>% °

Figures 5-11 show the ACF of Echo-reflected signals. In all
these figures -are shown individual ACF's that were prepared from
dat> cbtained at different times during the revolution indicated. On
these individual ACF's the true mean square value <y>? is estimated.
In alF instances the last graph for a given figure shows all the ACF's
plotted to the same scale on a single graph. On this last graph the
experimentally determined maximum and minimum slopes are in-

- dicated, together with the corresponding estimated values of <y>?,

In Figs. 5-11 there appears to be a considerable amount of uncer-
tainty as.to the value of <y>?. The expanded scale is somewhat mis-
leading, however. To obtain a quantitative evaluation of the magnitude
of unc srtainty involved in estimating <y>?, the maximum an< minimum

-values of ¢(t) were measured for each graph and the difference was
_ expressed in percentage of the arithmetic average of the maximum

and minimum values of ¢(T). Thus the maxmum nercentage error,
€,, in estimating the true mean square average value is given by

- dmax(T) - ¢min(T)
= . 100,
(10} €= 2 ¢max(T) + ¢min(T) 1

Equation {10) is labeled as maximum percentage error since in many

instances an-obviously quite accurate estimate can be obtained for
<y>*, e.g.; Fig. 5(c). Table I lists the dmax(T) and é,,in(T) values a.nd

; the evaluated €, for all ACF's, In obtaining bmax(T) and ¢mm(-r) values
.1 was restricted to the interval: 0.5< T < 2.5. It can be seen from _
- Table I that the most often occurring values for ¢, are 5 and 10; and

25 out'of 28 entries are 10 or less. Thus the arithmetic.averadge of all

. ez ig taken to be the representa.twe value; this average is seven per

cent.
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TABLE 1
MAXIMUM PERCENTAGE ERROR, €,, IN
ESTIMATING THE TRUE MEAN SQUARE
AVERAGE VALUE O THE ACF'S

ACF a b [ d e
Revo
lution Smax(TM & min(™)] €2 | max(T) [ Pmin(TH €2 1 rax(™) [SminlT) <2 brnax{T)| ¢minlT)| «2 [%maxi{™) ¥minlt} 2
Number —
2626 .84 .76 10 .85 .79 7 .83 .79 5 -- - ee| -- -- -
2653 .84 .80 5 .86 .79 8 .87 17 12 .84 .1k 10 .83 .80 4
2816 .87 .84 3 .86 .83 4 .82 .16 8 .88 .85 3| .85 .80 6
3040 .83 .79 5] .84 .77 9 83 .15 10| .88 .81 8 .87 .82 6
3483 .78 .69 12 .82 .78 5 .81 .73 10 .83 17 8| -- - -
18166 .19 .68 15 72 .65 10 .87 .79 10 .83 .19 51 -- -- ==
18966 .87 .82 6 .88 .83 5 .84 .78 7 - -- s - --

One can now utilize Eq. (2) to obtain the SPCR, and have a
quantitative feeling for the accuracy of the values obtained. Table II
lists the <y>? values and the SPCR's. The latter values are given in db,

TABLE II _
MEAN SQUARE AVERAGE VALUES OF ACF'S
AND ESTIMATES OF SPECULAR-TO-SCATTERED
POWER RATIOS

ACF a b = c d e
Revo- ©
lution <y>* | SPCR|<y>*| SPCR| <y>*| SPCR| <y>*| SPCR| <y>?| SPCR
Number
2626 .81 6.3 .81 6.3 . 80 6.0 - - - - -
2653 .82 6.6 .83 6.9 .8 6.3 .78 | "5.4 .81 6.3
2816 .86 7.9 | .85 7.4 .79 5.8 . 87 8.1, -1 -
3040 ) .82 6.4 | .80 5.9 .77 5.3 .83 6.7 .85 7.5
3483 .74 4.6 .82 6.4 - .74 4.6 .79 5,8 .64 2.5
18166 .12 4.1 .68 3.3 . B4 7.2 .81 6.3 .66 2.9
18966 .84 7.0 . 84 7.2 . 81 6.3 - - - -

It appears from Table 1I that the SPCR of Echo-reflected signals is
around 6 db and that on basis of the experimental data utilized theie
are no apparent large discrepancies between the SPCR's obtained
from Echo I and from Echo Il data.
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TABLE III
ERROR IN THE STATISTICAL ESTIMATE
OF THE MEAN SQUARE AVERAGE VALUE

L w—— - [

Revolution ;
Number Qmax <y>2 € %min <y>? € i
2626 1'25 080 60670 .50 .81 15.5%
2653 .96 82 | 6.9% .48 .83 15.5
2816 1.25 .79 115.9 .50 .82 15.5 i
3040 . 80 .80 |10 .50 | .85 | 14.7 i
3483 50 .79 115,7 .40 .74 | 20.4
18,166 .50 .84 14,7 .24 .81 27
18,966 .60 .84 |i12.6 .30 .84 7.1
One can now utilize the <y>* values from Table II to evaluate

Eq. (9) for the ¢,. Table III lists the maximum and minimum values i
for the slope and the corresponding values of <y>? and ¢; . It can be
seen from Table IIl that the error in the statistical estimate of the
mean square average value is in excess of ten per cent. The pro=-
cedure used to obtain the values given in Table III assumes that the
mean square average can be obtained from experimental data. It

was concluded on a basis of the €¢; values given in Table I that the
mean square average can be found with an accuracy of 17%., Hence,
the ¢, values have an uncertainty associated with them that is also

¥ 7%. This uncertainty will not cause any drastic changes in the
tabulated ¢, values, It seems, then, that an average valuc of

€1 ='15% will be a sufficiently conservative estimate for the upper
limit of the total error involved in obtaining the mean square average
value to which the autocorrelation functions are asymptotic. The ef-
fect of this 15% error on calculating the SPCR is quite significant,
Table 1V has been prepared to show the effect-of this error. On the
basis of the results presented in Table IV one may conclude that the
rdtio of specularly reflected power and scattered power in an Echo II-
reflected cw signal at 2260 mc/sec is about 6-7 db., The few experi~
nmiental results obtained from representative Echo I returns indicate
that the SPCR for that passive satellite is 5«6 db, The effect of the
error in obtaining the mean square average value of an ACF prepared
from sampled data of finite length can be quite significant. While it

is not the purpose to discuss here the theoretical significance of the
maximum and minimum SPCR's, it is pointed out that by applying cor=
rections for the error in the statistical estimate of the ACF, maximum
values of 15-16 db and minimum values of 1-2 db were obtained for the

10




SPCR. These are limiting values rather than ones that would closely
and consistentiy agree with the experimental data, This is not to
imply, however, that they are not possible values.

TABLE 1V
SPECULAR-TO-SCATTERED POWER RATIOS
OF ECHO=-RE¥FLECTED SIGNALS

ACF a % < d e
Revw\ SPCR|SPCR|SPCR | SPCR{ SPCR PPCR|SPCR} SPCR} SPLCR| SPCR| SPCR{SPCR|SPCR} SPCR{ SPCR
lution Max |Min Max Min Max | Min Max | Min Max | Min
Number

2626 6.3 |11.2 3.5 6.3 }11.3 3.5 6.0 10.6 3.3 - - - - - -
2653 6.6 {121 3.6 6.9 113.2 3.3 }6.3 11.313.5 S.4 9.4 3.0 6.31 11.3 3.5
2815 7.9 9.2 | 4.4 7.4 116.3 |4.2 |5.8 10.013.1 8.1 - 4.6 - - -
3040 .4 {12.1 3.6 5.9 |10.6 3.3 5.3 8.912.8 6.7 13.2 3.8 7.5 16.3 4.2
3483 4.6 7.5 | 2.3 6.4 112,1 3.6 |4.6 7.512.3 5.8 10.0 3.1 7.5 4.5 1.0
18, 166 4.1 6.6 | 2.0 3.3 5.5 (1.4 |7.2 14.7 14.0 6.3 |11.3 3.5 2.9 5.0 1.1
18,966 7.0 §15.0 | 4.0 7.2 1 14,7 (4.0 6.3 11.3}3.5 - - - - - -

III. SUMMARY

This report-is one of a series dealing with various aspects of
Echo-~reflected signals. The data for this report were obtained recently
during Echo II revolutions 2000-3500; some data are also included from
Echo I«reflected signals which were selected from the same period as
when the Echo II data were collected. The purpose of this report is to
present the autocorrelation function cf the received signals, Some dis-
cussion is devoted to the theoretical aspects of the autocorrelation
function and the SPCR (specular-to=scattered power ratio) is defined,
The method to obtain the SPCR from the ACF is given. A large amount
of experimental data is presented., A brief explanation is presented on
the method of data reduction and its adaptation to digital, computerized
techniques. Consideration is given to some of the errors involved in
obtaining the statistical estimate of the ACF and the effect of these
errors on the final results. It<is found that for the experimental con~.
ditions involved in collecting the data the SPCR of Echo Il-reflected
signals is 6~7 db, and 5«6 db for Echo I-reflected signals, When the
results are corrected for the possible errors involved in the statistical
process the possible ranges in the SPCR's are obtained. Thus the )
maximum possible SPCR of an Echo=-reflected signal based on available
data is 15-16 db and the minimum is a few db.
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